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Abstract Water distribution systems, where flow in some pipes is not measured or storage
tanks are connected together, calculation of demand pattern coefficients of the network is
difficult. Since, Hazen-Williams coefficients of the network are also unknown; the problem is
becoming unintelligible further. The present study proposes a new method for simultaneous
calibration of demand pattern and Hazen-Williams coefficients that uses the Ant Colony
Optimization (ACO) algorithms coupled with the hydraulic simulator (EPANET2) in a
MATLAB code. In this paper demand pattern and Hazen-Williams coefficients are the calibra-
tion parameters and measured data consist of nodal pressure heads and pipe flows. The defined
objective function minimizes the difference between the measured and simulated values. The
new proposed method was tested on a two-loop test example and a real water distribution
network. The results show that the new calibrationmodel is able to calibrate demand pattern and
Hazen-Williams coefficients simultaneously with high precision and accuracy.
Keywords Calibration .Water distribution network . Demand pattern coefficients .
Hazen-Williams coefficients . Pressure heads . Pipe flows
1 Introduction
Gradually, with the urban population growth and development of cities, water distribution
systems (WDSs) gain significant importance. Given the complexity of WDSs and large-scale
decision making in analysis, design, operation and maintenance of WDSs, the need for
computerized modelling of WDSs is felt more than ever to understand the behavior of these
systems. The major important problem with simulation modelling of WDSs is consistency
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between the calculated and measured data. To achieve this aim, calibration of the model via
measured data is necessary. Model parameters include pipe roughness such as Hazen-Williams
coefficients in the pipes, base demand and demand pattern coefficients at the nodes. The Hazen-
Williams formula is the most commonly used head loss formula in theWDSs and pipe roughness
in this formula is introduced as Hazen-Williams (HW) coefficient. Also to make the WDSs more
realistic for analyzing an extended period of operation, time pattern will be considered that makes
demands at the nodes vary in a periodic way during a day. On the other hands, Demand Pattern
(DP) coefficient is a collection of multipliers that can be applied to a quantity to allow it to vary
over time. The measured data mainly include pressure head at nodes, tank levels, and flow in
pipes, that can be considered either in a steady state or in an extended period condition.
Several objective functions have been proposed for hydraulic calibration of WDSs, such as
minimizing the difference between the measured and calculated data of nodal pressures
(Ormsbee and Wood 1986), nodal pressures and pipe flows (Borzi et al. 2005; Wu and
Clark 2009), nodal pressures, pipe flows and tank levels (Yu et al. 2009), and also nodal
pressures, nodal outflows and pipe flows (Kumar et al. 2010).
Most of researches have carried out the steady state conditions, in which, sampling has been
implemented under one or multiple loading states such as minimum, normal, maximum and
fire flow demand conditions (Reddy et al. 1996; Greco and Del-Giudice 1999; Kapelan et al.
2003; Jamasb et al. 2009). Few researches were used extended period simulation that sampling
has been used in 24 h a day (Ormsbee 1989; Lansey et al. 2001).
Considering hydraulic simulation of WDSs, almost all the researches have focussed on
demand-driven simulation method (DDSM) and just few ones have used head-driven simula-
tion method (HDSM). Tabesh et al. (2011) used HDSM and DDSM based analyses and
defined critical conditions to compare these two hydraulic analysis methods. They found out
that HDSM performed better in simulating what happens in the WDSs than the DDSM. For
selecting the calibration parameters in WDSs, most researches have taken pipe roughness
coefficients and nodal base demand as a decision variable (Vassiljev et al. 2005; Kapelan et al.
2005; Behzadian et al. 2008; Weiping and Zhiguo 2011; Kang and Lansey 2011). Few studies
have defined demand pattern coefficients as calibration parameter. Asadzadeh et al. (2011)
performed calibration of pipe roughness and demand pattern coefficients of C-Town WDSs to
measure hourly tank levels, pump flows and fire flow test data during 1-week operation.
In this paper, a new method is developed for simultaneous calibration of Demand Pattern
(DP) and Hazen-Williams (HW) coefficients in WDSs. Ant Colony Optimization (ACO)
algorithms are combined with static and dynamic models of WDS under EPANET software
using a MATLAB code. In real case studies which measurement of flow in especial pipes is
not possible, DP coefficients are not accurately calculated and these coefficients should be
determined by an optimization procedure. With unknown HW coefficients, the problem is
complicated. Considering both coefficients as variables in the calibration model expands the
problem further and getting the answer becomes more difficult. In the new proposed method,
both DP and HW coefficients are taken as decision variables of the optimization algorithms
and in a shortcut method, DP coefficients are adjusted in the calibration of HW coefficients.
This method helps the problem to be converged to a final answer quickly.
2 Methodology
In this paper the ACO algorithm is used for coefficient optimization. This algorithm is the first
in the series of ACO algorithms developed by Dorigo et al. (1996). Here, to carry out a
hydraulic calibration of WDSs, a combination of EPANET simulator and ACO algorithms has
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been used by programming in MATLAB software. The probability function of the ACO
algorithms (Zecchin et al. 2006) is as Eq. (1):
Pij k; tð Þ ¼
T ij tð Þ
 α
U ij tð Þ
 β
X J
j¼1 T ij tð Þ
 α
U ij tð Þ
 β ð1Þ
where Pij(k,t): is the probability of the k-th ant situated at node j at stage t, to choose an
outgoing edge i, Tij(t): is the pheromone intensity, Uij(t) is the desirability factor and α,β: are
the parameters controlling the relative importance of pheromone intensity and desirability for
each ant’s decision. The pheromone intensity function is as Eq. (2):
T ij tþ 1ð Þ ¼ ρT i; j tð Þ þΔT i; j tð Þ ð2Þ
where ρ: is the pheromone persistence factor representing the pheromone decay rate; Δ Tij(t):
is the additional pheromone; Tij(t+1): is the pheromone intensity at stage (t+1).
In general, in WDSs where reservoirs are connected together, determination of DP coeffi-
cients is not so simple. Besides, since the results of the WDS model, including pressure heads
at nodes and flow in pipes are dependent on values of HW and DP coefficients and also these
two coefficients are interdependent, determining of the coefficients would be difficult without
considering their relationship. Also with supposing values of the coefficients such as HW,
determining values of the other coefficients would not be possible. A solution to this problem
might be to enter both coefficients in an optimization model as decision variables. Given the
large number of pipes (HW coefficients) in the real case study and 24 coefficients of DP at the
nodes, the problem becomes greater and difficult. In the present study, a new method is
developed, which is a combination of ACO algorithm and EPANET simulator, and with a
shortcut approauch, demand pattern coefficients are adjusted in the calibration of Hazen-
Williams coefficients. The flowchart in Fig. 1 outlines the process for all methods in eight
distinct steps. Each step is subsequently described in detail.
In the first step, an initial dynamic and the static WDS model is constructed. Every variable
of WDS such as length and diameter of pipes, nodal base demand, maximum and minimum
tank levels, tank diameter and pump characteristic curves are defined. Then hourly observed
pressure heads at nodes and flow in pipes are defined.
In the second step, ACO algorithm parameters, usually obtained by the sensitivity analysis,
are defined. In this step maximum and minimum values of DP and HW coefficients are also
determined. For example, DP coefficients vary between intervals 0 and 2.
In the third step, the Nant (number of ants) set of HW coefficients is generated and this set is
applied to the dynamic model. Then their objective function is separately evaluated and the best








 2 þ QOtj−QStj
 2  ð3Þ
where N: is the number of observation locations; T: is the number of times that field data has been
collected; POtj: is the observed pressure head; and PStj: is the calculated pressure head at node j
during time t; QOtj: is the observed and QStj: is the calculated flow in pipe j during time t and OFV:
is the objective function value to be minimized.
In steps 4–6, a shortcut solution is developed using the static WDS model to determine DP
coefficients. First, the initial static model is reconstructed with the best answer of HW
coefficients of the previous step. In the next step, NM (number of intervals) set of DP
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coefficients is generated and applied in the static model every hour. Then the objective
function is evaluated to obtain the best answer in a given hour. Then the best 24 h DP
coefficients of the network are selected.
In the seventh step, the best answer of DP coefficients of the previous step is applied to the
dynamic model for reconstructing it. Then this process from the third through the seventh steps
is repeated as many as Ncyc (the number of cycles in each step).
In the final step, the best answers of DP and HW coefficients of Ncyc are selected and
dynamic and static models are reconstructed again. This process is repeated by the specified
number of steps or till getting to the real answer.
3 Results and Discussion
3.1 Case Study # 1
To evaluate the proposed method, first, a two-loop pipe network is considered. This network
has been used previously to test different optimal designing models in the literatures
(Alperovits and Shamir 1977; Banos et al 2010). Pipe network data and DP coefficients at
nodes are shown in Table 1.
In the final calibration model, the measured certain data of nodal pressure and pipe flow at
different hours of a day are simulated by EPANET2. Uncertain data are calculated by adding
normally distributed random values to all certain data. The normal distribution with mean of
zero and standard deviation of 0.5 are used (Pasha and Lansey 2009). Then random values are
added to certain data, such as pressure head and base demand at nodes, and flow in pipes, and
values with uncertainty have been generated. For example, in certain modes, pressure head and
2. Select change intervals for HW and DP 
coefficients and define ACO algorithms 
parameters.
1. Construct initial dynamic and static WDS 




7.  Reconstruct the dynamic WDS model using 
the best answer of DP coefficients and repeat the 
cycle for certain numbers. 
8.  Select the best answer of DP coefficients in 
the cycle, reconstruct the dynamic model and 
repeat it in a certain time step.
6. Select the best hourly DP 
coefficient and create the best 
answer of 24 hourly DP. 
5. Apply all of the DP coefficients 
to the WDS model at 24 hours and 
evaluate the objective function.
4. Reconstruct the static WDS 
model with applying best answer 
of HW coefficients.3.  Select set of HW coefficients and apply them 
to dynamic WDS model and select the best 
answer.
Fig. 1 Flowchart of the new method algorithm
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base demand at node 7 and flow in pipe 8 at 9 a.m. were 10.3 (m), 55.6 and 49.58 (l/s),
respectively; while in uncertain mode, the same values were 9.96 (m), 55.96 and 48.96 (l/s). In
other words, according to a normal distribution, if the probability of distribution takes 99.9 %,
values within −1.55 and +1.55 will be generated, and by adding these values to the certain
values, uncertain values are generated.
The adjusted parameters of the developed calibration model and the proposed algorithm
include U0, β, T0, α, ρ, Δ Ti,j(t), NM, Nant and Ncyc. These parameters were adjusted by
sensitivity analysis in a two-loop network where sampling (such as pressure heads at nodes)
was done in three nodes of 5, 6 and 7. In other words, with assuming the pressure heads in
nodes, model parameters are adjusted in a way that the calibration model calculates the final
solution at the least possible time and with high precision. The results of the sensitivity analysis
are given in Table 2 which is used as adjusting parameter values in the final calibration model.
In the calibration process, it is assumed that sampling is carried out hourly. The pressure head
values at four nodes (4, 5, 6 and 7) and flow in six pipes (3, 4, 5, 6, 7 and 8) are used as measured
data. The purpose of the calibration model is to determine DP and HW coefficients in the network
simultaneously. In uncategorized mode, the problem includes eight decision variables for HW
coefficients and 24 decision variables for DP coefficients. In the categorized mode, since HW
coefficient value in pipes 1 and 3 is 130, in pipes 2 and 6 is 80, in pipes 4 and 8 is 70, and in pipes 5
and 7 is 100; these pipes are placed in the same category. Thus, calibration problem in thismodewill
have four decision variables for HW coefficients and 24 decision variables for DP coefficients. In
this problem, the minimum and maximum values of HW coefficients are 70 and 130, respectively.
The minimum and maximum values of the DP coefficients are 0.01 and 2, respectively.
To examine the impact of measurement errors on calibration results, calibration problem
was performed separately in two models with certain and uncertain input data. By certain data,
the results indicated that the calibration model can find real answers easily in the both
categorized and uncategorized modes of HW coefficients. Table 3 gives the number of
evaluations of the objective function and time for finding real answers for five consecutive
runs. To run the calibration model, Intel (R) Core (TM) i3-2100CPU @ 3.10 GHz was used.
Table 1 Two-loop pipe network data
Node characteristics Pipe characteristics Demand pattern coefficient
No. E(m) BD(l/s) No. L (m) D (mm) HW T(hr) C (%) T(hr) C (%) T(hr) C (%)
1 210 0 1 1,000 450 130 1 0.96 9 1.00 17 1.08
2 150 27.8 2 1,000 350 80 2 0.92 10 1.01 18 1.09
3 160 27.8 3 1,000 350 130 3 0.88 11 1.02 19 1.08
4 155 33.4 4 1,000 150 70 4 0.84 12 1.03 20 1.07
5 150 75.0 5 1,000 350 100 5 0.8 13 1.04 21 1.06
6 165 91.7 6 1,000 100 80 6 0.86 14 1.05 22 1.05
7 160 55.6 7 1,000 350 100 7 0.90 15 1.06 23 1.00
8 1,000 250 70 8 1.06 16 1.07 24 0.98
Table 2 Adjusted values of calibration model parameters
Parameter U0 ß T0 α ρ Δ Ti,j(t) Ncyc Nant NM
Adjusted value 1 1 80 1 0.98 1 10 25 200
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As it is obvious, the model finds a real answer in an average of 32,050 evaluations and
31.12 min in the uncategorized mode of HW coefficients and, in the categorized mode of HW,
this value is 10,200 evaluations and 9.70 min.
With uncertain data, in the categorized mode of HW coefficients, the calibration model
finds the real answer in all two runs. But in the uncategorized mode of HW coefficients, it
finds the best answers that are limited to the real answer. The results are shown in Table 4 for
two consecutive runs.
A comparison of results indicates that the calibration model has been successful in finding best
or real answers atmost times. In general, it should be noted that the problem of calibration ofWDSs
is not a single-answer problem, and there is a large series of answers, which would generate similar
answers in terms of evaluating objective function. So, the calibration model generates a series of
similar answers that has acceptable performance in generating final answer and solving the
problem. When HW coefficients are categorized, the model would calculate the real answer more
conveniently. However, the categorization of coefficient decreases number of possible answers that
satisfied the objective function. Therefore the model finds the real answer more conveniently.
Figure 2 shows the convergence of the calibration model to the real answer in a categorized mode
of HW coefficients with uncertain input data (96 steps with 24,000 evaluations).
Overall, an evaluation of the proposed calibrationmodel on the two-loop test example network
in different modes with certain and uncertain input data showed that the model was capable of
finding the HW and DP coefficients. Also, considering convergence curve of the proposed
method in Fig. 2 indicates that the model has suitable convergence. If the DP and HW coefficients
are assumed as decision variables in an optimization model, given the interval of 0.01 for DP and
5 for HW coefficients, the model search space in the uncategorized mode will be (24200*813)
which is reduced to 813 in the proposed method. Then the new model can find the real answer in
very small part of this space. For example, in certain input data, the model finds the real answer in
an average of 32,050 evaluations (5.8*10−6 percent of the model search space).
3.2 Case Study # 2
For more examination of the performance of the proposed model, the calibration model is
tested on a real network in this case study. Ahar city is located in East Azerbaijan Province, 90
(km) north east of Tabriz, Iran. Figure 3 shows the Ahar water distribution network, that has
been skeletonised by excluding dispensable pipes. The simplified network includes 192 pipes,
169 nodes, one reservoir, 5 tanks and 3 pumping stations. R1 represents the reservoir as the
only source of water. T1 to T5 represent water storage tanks. Q1 to Q3 represent pipe flow
measurement locations that are measured by the ultrasonic flow meter. S1 to S27 notes pressure
head measurement locations in the network that were measured byMultiLog digital barometer,
which was made by the British RADCOM company.
Table 3 Evaluation number of objective functions and run time for calibration model with the certain input data
No. (Five consecutive runs) 1 2 3 4 5 Average
Uncategorized mode of HW coefficient
Evaluation number 29250 36750 23250 39250 31750 32050
Time (min) 29.14 35.44 22.47 37.29 31.26 31.12
Categorized mode of HW coefficient
Evaluation number 7750 6750 13500 16000 7000 10200
Time (min) 7.45 6.4 12.93 15.11 6.62 9.70
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To simplify the calibration problem in Ahar WDSs, HW coefficients were classified
into limited groups. Table 5 shows the classification of HW coefficients into seven
groups. In this table, columns illustrate the number of HW coefficient groups based
on the pipe material, diameter, and pipe age and rows illustrate the number of
subcategories in each group. For example, there are 4 and 19 subcategories in group
C1 and C7, respectively. For modelling the WDSs before calibration, the HW coefficients
are determined for category C4 based on pipe material and diameter and DP coeffi-
cients are determined based on the measured pipes flow. Table 6 shows the two
coefficients values.
Table 4 Results of the calibration model with the uncertain input data and uncategorized mode of HW
coefficients
Real answer Calculated answer (Five consecutive runs)
Uncategorized mode of HW Categorized mode of HW
1 2 1 2
HW DP HW DP HW DP HW DP HW DP
130 0.96 130 0.96 130 0.96 130 0.96 130 0.96
80 0.92 80 0.92 80 0.93a 80 0.93 80 0.93
130 0.88 130 0.88 130 0.88 130 0.88 130 0.88
70 0.84 70 0.84 70 0.84 70 0.84 70 0.84
100 0.8 100 0.8 100 0.8 100 0.8 100 0.8
80 0.86 80 0.86 85a 0.86 80 0.86 80 0.86
100 0.9 75a 0.9 95a 0.9 100 0.9 100 0.9
70 1.06 95a 1.06 75a 1.06 70 1.06 70 1.06
OFV 1 OFV 1 OFV 1 OFV 1 OFV 1
75.5 1.01 75.2 1.01 75.7 1.01 75.5 1.01 75.5 1.01
1.02 1.02 1.02 1.02 1.02
1.03 1.03 1.03 1.03 1.03
1.04 1.04 1.04 1.04 1.04
1.05 1.05 1.05 1.05 1.05
1.06 1.06 1.07a 1.07 1.07
1.07 1.07 1.08a 1.07 1.07
1.08 1.08 1.08 1.08 1.08
1.09 1.1a 1.09 1.09 1.09
1.08 1.07a 1.08 1.08 1.08
1.07 1.07 1.08a 1.07 1.07
1.06 1.06 1.06 1.06 1.06
1.05 1.04a 1.05 1.05 1.05
1 1 1 1 1
0.98 0.98 0.98 0.98 0.98
Evaluation number 50000 50000 9500 24000
Time (min) 47.85 48.33 9.67 22.94
OFV objective function values
a These values are different from the real values
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In hydraulic calibration of the Ahar WDS, the measured data are divided into two sets.
Among the measured data sets (25 sets), 20 sets were used for calibration and five sets for
testing. The testing sets include nodes S2, S6, S20, and S27 and pipe Q3. In this part, the new
calibration model was separately run for each category at 250 steps. Table 7 shows the results
of calibration for five categories. In this case, the minimum value of HW coefficients was
taken as 60 and its maximum value was 140, with an interval of 5 and the minimum and the
maximum DP coefficient value of 0.01 and 2, with an interval of 0.01.
Given the large area of Ahar WDS, and since each zone in the network may have different
DP coefficients, the small differences in DP coefficients in seven categories can be explained
by this reason. Since separating different zones of the network and defining independent DP
Fig. 2 Convergence of the calibration model to real answer with uncertain input data
Fig. 3 Ahar water distribution network’s layout
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coefficient for each zone is not possible, in this study a single DP coefficient is assumed.
Figure 4 shows the minimum, average, maximum and selected DP bar chart during a day. The
minimum objective function value was belonged to the category of C3 with a value of 3,017.
In order to control the results of the calibrated model, the network is modelled before and after
calibration based on the best selected HWandDP coefficients. Table 8 shows the results for the test
data. A comparison of results indicated that there is a significant difference between the measured
and simulated data before calibration, but it is significantly close to the measured data after
calibration. For example, the absolute average errors of the measured and simulated data before
calibration were 9.26, 2.35, 5.78, 11.29, 5.31 with total average of 6.80. After calibration, this
values decreased to 1.35, 2.16, 2.63, 2.55, 1.91 with total average of 2.12, respectively. Figures 5
and 6 show variation curves of themeasured and simulated data for the test data. Comparison of the
measured and simulated pressure values at node S2, and the measured and simulated flow in pipe
Q3 after and before calibration indicate that how the results are improved after calibration.
4 Conclusion
For water distribution systems, where flow in some pipes is not measured or storage tanks are
connected together, calculation of DP coefficients will be difficult. Also, since HW coefficients
Table 5 Classification of HW coefficients based on the materials, diameter, and pipe age
(C1) (C2) (C3) (C4) (C5) (C6) (C7)
Sub-Ca M D A M,D M,A D,A M,D,A
1 DI 20 0–10 D,M1 A,M1 A2,D1 A3,D4 A2,D6 A,D,M1 A2,D4,M4 A5,D5,M4
2 GA 75–90 10–20 D1,M2 A2,M2 A1,D2 A4,D4 A3,D6a A2,D1,M2 A3,D4,M4 A2,D6,M4
3 PE 100 20–30 D2,M3 A1,M3 A2,D3 A5,D4 A4,D6 A1,D2,M3 A4,D4,M4 A3,D6,M4a
4 AC 150 30–40 D3,M4 A2,M4 A3,D3 A2,D5 A5,D6 A2,D3,M4 A5,D4,M4 A4,D6,M4
5 200 50–60 D4,M4 A3,M4 A4,D3 A3,D5 – A3,D3,M4 A2,D5,M4 A5,D6,M4
6 300 D5,M4 A4,M4 A5,D3 A4,D5 – A4,D3,M4 A3,D5,M4 –
7 D6,M4 A5,M4 A2,D4 A5,D5 – A5,D3,M4 A4,D5,M4 –
C category, Sub-Ca sub-category, M material, D diameter (mm), A age (year), DI ductile iron, PE poly ethylene,
GA galvanized steel, AC asbestos cement
a There are not any pipes in this subcategory
Table 6 HW and DP coefficients of network for category C4
Category C4 T (hr) DP T (hr) DP T (hr) DP
Sub-Ca HW 1 0.85 9 1.16 17 1.09
D, M1 130–138 2 0.78 10 1.20 18 1.09
D1, M2 <129 3 0.72 11 1.21 19 1.07
D2, M3 147 4 0.70 12 1.21 20 1.05
D3, M4 142–147 5 0.71 13 1.19 21 1.02
D4, M4 145–149 6 0.76 14 1.16 22 0.98
D5, M4 146–150 7 0.92 15 1.12 23 0.91
D6, M4 147–151 8 1.10 16 1.11 24 0.87
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are unknown as well, the problem becomes more complex. Moreover, considering both
coefficients as decision variables in the calibration model makes the problem more difficult.
Table 7 Hw and DP coefficients for seven categories after calibration
C1 C2 C3 C4 C5 C6 C7
HW DP HW DP HW DP HW DP HW DP HW DP HW DP
110 0.66 60 0.64 60 0.63 110 0.64 110 0.64 85 0.64 110 0.64
70 0.48 60 0.42 110 0.42 60 0.42 95 0.43 60 0.42 85 0.42
60 0.28 70 0.17 85 0.19 60 0.17 60 0.2 85 0.18 60 0.19
90 0.23 90 0.15 90 0.15 70 0.15 110 0.15 90 0.15 90 0.15
OFV 0.24 75 0.15 80 0.15 90 0.15 80 0.15 85 0.15 90 0.15
7981 0.43 110 0.35 OFV 0.36 75 0.35 90 0.38 110 0.35 85 0.36
0.83 OFV 0.84 3017 0.82 110 0.84 80 0.83 90 0.83 110 0.83
1.2 4511 1.21 1.22 OFV 1.21 OFV 1.22 110 1.22 95 1.22
1.36 1.39 1.4 4565 1.39 3866 1.39 105 1.4 100 1.4
1.46 1.5 1.5 1.5 1.5 95 1.5 105 1.5
1.49 1.53 1.54 1.53 1.54 75 1.54 105 1.54
1.49 1.53 1.54 1.53 1.54 80 1.54 85 1.54
1.45 1.49 1.5 1.49 1.49 60 1.5 80 1.49
1.38 1.41 1.42 1.41 1.41 70 1.42 60 1.41
1.3 1.34 1.34 1.34 1.34 110 1.34 65 1.34
1.27 1.3 1.3 1.3 1.3 100 1.29 110 1.3
1.22 1.25 1.25 1.25 1.24 80 1.24 100 1.25
1.23 1.25 1.26 1.25 1.25 OFV 1.25 80 1.26
1.2 1.22 1.22 1.22 1.21 3586 1.21 OFV 1.22
1.11 1.14 1.13 1.14 1.13 1.13 3591 1.13
1.07 1.09 1.08 1.09 1.08 1.08 1.08
1 1.01 1 1.01 1.01 1 1
0.87 0.87 0.86 0.87 0.87 0.86 0.86
0.76 0.75 0.74 0.75 0.74 0.74 0.74
Fig. 4 Demand pattern coefficient bar chart in a day
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The present study proposes a new method for simultaneous calibration of DP and HW
coefficients in water distribution networks. In this regard, a combination of an EPANET
simulator model and an ACO algorithm has been used in MATLAB software.
To evaluate the abilities of the new method, a two-loop network and a real water distribution
network were applied. In the two-loop network, demand pattern and Hazen-Williams coefficients
assumed to be available, then simulationwas carried out and values for nodal pressure head and pipe
flow were calculated. Then, this data were used as a measured data in the calibration model with
certain data. To generate data with uncertainty, a normal distribution withmean of zero and standard
deviation of 0.5 was used. By adding the normal distribution random values to the certain data, data
with uncertaintywere calculated. The calibration results for the two-loop network indicated that with
certain data, the model finds the real answer with desirable convenience for both categorized and
uncategorized modes of HW coefficients. In uncertainty conditions, and with uncategorized HW
coefficients, the model can find answers better than a real answer in some runs and in some others
close to real answer. In categorized mode, the model can find real answers in all runs.
In the Ahar water distribution network, pressure head at 22 nodes and flow rate in three
pipes were measured hourly during a day. In the calibration process, the data of 4 nodes and 1
pipe were used as test data, and the others were used for training. To simplify the calibration
model, network pipes were classified into seven categories based on pipe material, diameter,
and pip age. Comparison of results before and after calibration indicated that the average error
of the test data was improved from 6.80 to 2.12, which showed optimal performance of
calibration model. Note that decreasing the search space and suitable convergence are the other
advantages of the new proposed method. Hence, it can calibrate both DP and HW coefficients
with high precision and accuracy.
Fig. 5 Comparison of the measured and simulated pressure curves in node S2 before and after calibration
Fig. 6 Comparison of the measured and simulated flow curves in node Q3 before and after calibration
A New Method for Simultaneous Calibration of DP & HW Coefficients 2033
Acknowledgments The authors would like to acknowledge the financial support of University of Tehran for
this research under grant number 8102050/1/05.
Open Access This article is distributed under the terms of theCreativeCommonsAttributionLicensewhich permits any
use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
References
Alperovits E, Shamir U (1977) Design of optimal water distribution systems. J Water Resour Res 13(6):885–900
Asadzadeh M, Tolson B, McKillop R (2011) A two stage optimization approach for calibrating water distribution
systems. In: Proceedings of the 12th Annual Conference on Water Distribution Systems Analysis (WDSA),
Tucson, Arizona, United States, September 12–15, pp 1682–1694
Banos R, Gil Reca CJ, Montoya FG (2010) A memetic algorithm applied to the design of water distribution
networks. J Appl Soft Comput 10:261–266
Behzadian K, Ardeshir A, Jalilsani F, Sabour F (2008) A comparative study of stochastic and deterministic
sampling design for model calibration. In: Proceedings of the World Environmental and Water Resources
Congress 2008, Honolulu, Hawaii, United States, May 12–16, pp 1–11
Borzi A, Gerbino E, Bovis S, Corradini M (2005) Genetic algorithms for water distribution network calibration: a
real application. In: Proceedings of the 8th International Conference on Computing and Control for the Water
Industry, University of Exeter, UK, September 5–7, pp149–154
Dorigo M, Maniezzo V, Colorni A (1996) The ant system: optimisation by a colony of cooperating agents. J
IEEE Trans Syst B Cybern 26(1):29–41
Greco M, Del-Giudice G (1999) New approach to water distribution network calibration. J Hydraul Eng ASCE
125(8):849–854
Jamasb M, Tabesh M, Rahimi M (2009) Calibration of EPANET using genetic algorithm. In: Proceedings of
Water Distribution Systems Analysis, Kruger National Park, South Africa, August 17–20, pp 1–9
Kang D, Lansey K (2011) Demand and roughness estimation in water distribution systems. J Water Resour Plan
Manag 137(1):20–30
Kapelan ZS, Savic DA, Walters GA (2003) Multiobjective sampling design for water distribution model
calibration. J Water Resour Plan Manag 129(6):466–479
Kapelan ZS, Savic DA, Walters GA (2005) Optimal sampling design methodologies for water distribution model
calibration. J Hydraul Eng 131(3):190–200
Kumar SM, Narasimhan S, Bhallamudi SM (2010) Parameter estimation in water distribution networks. J Water
Resour Manag 24:1251–1272
Lansey KE, El-Shorbagy W, Ahmed I, Araujo J, Haan CT (2001) Calibration assessment and data collection for
water distribution networks. J Hydraul Eng 127(4):270–279
Ormsbee LE (1989) Implicit network calibration. J Water Resour Plan Manag 115(2):243–257
Ormsbee LE, Wood DJ (1986) Explicit pipe network calibration. J Water Resour Plan Manag ASCE 112(2):166–182
Pasha MFK, Lansey KE (2009) Water quality parameter estimation for water distribution systems. J Civ Eng
Environ Syst 26(3):231–248
Reddy PVN, Sridharan K, Rao PV (1996) WLS methods for parameter estimation in distribution networks. J
Water Resour Plan Manag 122(3):157–164
Tabesh M, Jamasb B, Moeini R (2011) Calibration of water distribution hydraulic models: a comparison between
pressure dependent and demand driven analyses. Urban Water J 8(2):93–102
Vassiljev A, Koppel T, Puust R (2005) Calibration of the model of an operational water distribution system. In:
Proceedings of the 8th International Conference on Computing and Control for the Water Industry,
University of Exeter, UK, September5–7, pp 155–159
Weiping C, Zhiguo H (2011) Calibration of nodal demand in water distribution systems. J Water Resour Plan
Manag 137(1):31–40
Wu ZY, Clark C (2009) Evolving effective hydraulic model for municipal water systems. J Water Resour Manag
23:117–136
Zecchin AC, Simpson AR,Maier H, LeonardM, Roberts AJ, BerrisfordMJ (2006) Application of two ant colony
optimization algorithms to water distribution system optimization. J Math Comput Model 44:451–468
Yu Z, Tian Y, Zheng Y, Zhao X (2009) Calibration of pipe roughness coefficient based on manning formula and
genetic algorithm. Trans Tianjin Univ 15:452–456
2034 M. Dini, M. Tabesh
